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SUMMARY 
Plants  grown I n  c o n t r o l l e d  envlronments a re  sub jec t  t o  c e r t a i n  
phys lo log l ca l  l n j u r l e s  and growth r e s t r l c t l o n s  t h a t  a re  r a r e l y  encountered I n  
ou ts ide  envlronments. When growth rates a re  fo rced w l t h  favorab le  
envlronmental  cond l t l ons  many l n j u r l e s  develop whlch may se r lous l y  l l m l t  
growth. Thus, I n  l l f e  support systems where I t  I s  essen t ia l  t o  maxlmlze 
growth ra tes  o f  p lan ts ,  these l n j u r l e s  could be ser lous l l m l t a t l o n s  t o  p l a n t  
produc t 1 on. 
Calcium d e f l c l e n c y  l n j u r y  l s  o f  cons lderable concern t o  c e r t a l n  specles 
o f  p l a n t s  when grown I n  c o n t r o l l e d  envlronments. The I n j u r y  develops l n  
t l ssues  t h a t  have low ra tes  o f  t ransp l ra t l on ,  thus I n j u r y  I s  found l n  
en la rg lng  leaves w l t h l n  enclosed growlng po ln ts ,  storage t l ssues  l n  the s o l l ,  
and en la rg lng  f r u l t s  w l t h  impermeable sur face layers .  The I n j u r y  develops 
because there  I s  Inadequate Ca movement t o  these non- t ransp l r l ng  t l ssues .  The 
I n j u r y  develops even though adequate amounts o f  Ca a re  provtded I n  the s o l l  o r  
n u t r l e n t  medlum. Previous research has demonstrated t h a t  s l g n t f l c a n t  
q u a n t l t l e s  o f  ca lc lum can be t rans located t o  a l l  t lssues,  t nc lud lng  
non- t ransp i r i ng  t l ssues ,  l f  the atmosphere l s  saturated w l t h  water du r lng  the 
n i g h t  c y c l e  and r o o t  pressures develop t o  f o rce  water through the p l a n t .  
Th ls  research study was focused on a ca lc lum-re la ted  l n j u r y  I n  l e t t u c e  
termed ' t l p b u r n ' .  I t  a f f e c t s  the young developlng leaves as they become 
enclosed d u r l n g  head format lon.  
the  l n j u r y  can be Induced w l t h  good p r e d l c b a b l l l t y  and l e t t u c e  i s  one o f  the  
crops chosen by the  CELSS program for concentrated study. 
undertaken t o  study a number o f  d l f f e r e n t  procedures, t h a t  would have the  
p o t e n t l a l  f o r  encouraglng movement o f  ca lc lum I n t o  the  young developlng leaves 
I t  1 s  a good model system t o  study because 
I n v e s t l g a t l o n s  were 
i i i  
and t o  study the t lme course and p a t t e r n  o f  ca lc lum 3ccumulatlon I n  develop lng 
leaves t o  provide a bas ls  f o r  developlng e f f e c t i v e  c o n t r o l  procedures f o r  t h l s  
I n  j u r y .  
P lants  were malntalned e l t h e r  i n  peat -vermlcu l i te  media o r  i n  l l q u l d  
c u l t u r e  l n  t h e  d i f f e r e n t  s tud les .  Seedllngs were grown f o r  14 days f rom 
sowing l n  a reach-ln growth chamber. A t  14 days a f t e r  p l a n t i n g ,  t h e  seedl tngs 
were t rans fer red  t o  other  growlng rooms f o r  exper lmental  t reatments.  P lan ts  
were grown f o r  an a d d l t l o n a l  1 4  t o  20 days u n t i l  t l p b u r n  developed and 
harvests  were made. S l m l l a r  l l g h t ,  temperature and humid i ty  cond i t ions  were 
maintained i n  each study unless changes were requ i red  f o r  s p e c i f i c  
t reatments.  
photoper iod.  The mean p h o t o s y n t h e t l c a l l y  a c t i v e  r a d i a t i o n  (PAR) a t  p l a n t  
h e i g h t  was malntalned between 300 and 350 umol s m i n  the d t f f e r e n t  
s tud les .  
RH was maintained between 60 and 80% i n  both the  l l g h t  and dark.  
The l i g h t l n g  was w i t h  cool -whi te  f l u o r e s c e n t  lamps w i th  a 16-hr 
-1 -2 
L igh t -  and dark-per iod temperatures were h e l d  between 20 and 24OC. 
Studles on I n j u r y  Prevention: a) I n v e s t i g a t i o n s  were undertaken t o  Increase 
r e l a t l v e  humldl ty t o  s a t u r a t l o n  d u r l n g  the  dark p e r i o d  and t o  a l t e r  r o o t  
temperatures t o  promote t h e  development o f  r o o t  pressures. Study was made o f  
ca lc lum accumulatlon I n  t h e  young developlng leaves and data taken on t i p b u r n  
development. 
Tipburn was delayed by reducing the  RH d u r i n g  the  l l g h t  per iod  and by 
Increas ing  I t  above 95% d u r i n g  the dark p e r i o d  . Tlpburn developed l a t e r  a t  
the  lower r o o t  temperature of 1 5 O C  than a t  the  h lgher  temperature o f  23.5"C. 
The Ca concentrat lon of the Inner  leaves 'increased w i t h  the  decreasing RH 
d u r l n g  the  l l g h t  per iod .  I n  cont ras t ,  t h e  ca lc tum concent ra t ion  o f  inner  
leaves of p lan ts  d i d  no t  increase w i t h  decreases o f  RH d u r i n g  the dark 
i v  
per lod .  Hlghest ca lc lum concentatlons, Instead, were present I n  the p l a n t s  
malntalned a t  the  h lghes t  dark-perlod RH l e v e l  (>95%). Plants  grown a t  r o o t  
temperatures o f  2 3 . 5 O C  had marg lna l l y  h lgher  Ca concentrat lons I n  Inner  leaves 
than p l a n t s  grown a t  r o o t  temperatures o f  15°C. The Ca concent ra t lon  o f  the  
remainder of the p l a n t  was s l m l l a r  I n  t he  d i f f e r e n t  humld l ty  and r o o t  
temperature t reatments.  
Although sa tura ted  humld l t l es  a t  n l g h t  Increased the r a t e  o f  growth, 
t l p b u r n  was reduced probably as a r e s u l t  o f  r o o t  pressures t h a t  developed 
du r lng  the dark pe r lod  whlch promoted Ca t ranspor t  t o  the young, expandlng 
leaves. Nonetheless, the comblnatlon o f  low humld l ty  du r ing  the  day and 
sa tura ted  mols ture cond l t lons  a t  n lgh t  would a c t  together  t o  p rov lde  a l a r g e  
f l u c t u a t i o n  I n  p l a n t  water p o t e n t l a l  whlch would encourage Ca movement t o  the  
young leaves and delay t lpburn .  
The smal l  Increase I n  Ca concentrat lon observed w l t h  the htgher r o o t  
temperature was no t  g rea t  enough t o  have a s l g n l f l c a n t  e f f e c t  I n  reduclng 
t l p b u r n  I n j u r y .  Thus It appears that  r o o t  temperature r e g u l a t l o n  between 15 
and 2 5 O C  w l l l  no t  be e f f e c t l v e  i n  prevent ing t lpburn .  
b) A study was undertaken t o  maxlmlze water s t ress  du r lng  the day and 
mlnlmlze s t r e s s  du r lng  the n l g h t  l n  an at tempt  t o  Induce grea ter  ca lc lum 
t r a n s p o r t  t o  the t l pbu rn -sens l t i ve  developing leaves and thus decrease o r  
e l l m l n a t e  t l pbu rn .  
through r e g u l a t i o n  of the l r rad lance,  temperature and humld l ty  l e v e l .  
The water s t r e s s  on the p l a n t s  was a l t e r e d  d t u r n a l l y  
Although t h i s  study was developed t o  modulate the environment so  t h a t  a 
g rea ter  f l u c t u a t l o n  l n  p l a n t  water s t ress would be produced I n  p lan ts  than 
under constant cond i t ions ,  no d l f f e rence  I n  water s t r e s s  was produced between 
the  modulat lng and constant envlronments. Consequently, there  was l i t t l e  
d t f f e r e n c e  I n  t l p b u r n  development under the  two envlronments. Thls  study 
V 
i n d i c a t e s  t h a t  more d r a s t i c  environmental modulat ions must be undertaken t o  
have a s l g n l f l c a n t  e f f e c t  on p l a n t  wa te r  s t r e s s .  
accomplished by u t i l i z i n g  growth chambers f i t t e d  w i t h  H I D  lamps t o  increase 
i r r a d i a n c e  s i g n i f i c a n t l y  and i n s t a l l i n g  fans t o  d i r e c t  a l a r g e  a i r  movement 
over the  p lan ts  d u r i n g  the  l i g h t  per iod.  
Thls  probably  could be 
c )  I n v e s t l g a t l o n s  were undertaken t o  determine I f  shortened L:D c y c l e  
lengths,  i n  combination w i t h  e levated atmosphere mois ture l e v e l s  d u r i n g  t h e  
dark p o r t i o n  o f  the  cyc le ,  would prevent  l e a f  i n j u r y .  
t h a t  t h e  elevated mois ture l e v e l s  d u r i n g  the  e x t r a  dark per iods  would p rov ide  
more e f f e c t i v e  r o o t  pressure t r a n s p o r t  o f  ca lc ium d u r i n g  these dark per iods.  
I t  was hypothesized 
The use o f  a 8:4 l i g h t  dark c y c l e  ins tead o f  a 16:8 c y c l e  prov ided no 
reduc t ion  i n  t ipburn  nor caused any increase i n  ca lc ium concent ra t ion  I n  t h e  
leaves. I t  was i n t e r e s t i n g  t o  note t h a t  the  shoot d r y  weight o f  the  p l a n t s  
under the  t w o  cyc les was s i m i l a r ,  suggest ing t h a t  t h e r e  I s  no exac t ing  
requirement o f  a 24 hour photoper iod f o r  l e t t u c e  growth. 
d) he n u t r i e n t  concentrat ion was reduced t o  promote g r e a t e r  r o o t  
pressure dur ing t h e  dark per iod  and thus o b t a i n  g rea ter  ca lc ium t r a n s p o r t  i n t o  
t h e  deve oping leaves. 
The use o f  low concentrat ions o f  n u t r i e n t  s o l u t i o n  delayed t ipburn .  
Tipburn was delayed f r o m  23 t o  27 days a f t e r  seeding and occurred f i r s t  on the  
1 3 t h  l e a f  w i t h  n u t r i e n t  concentrat ions hav ing a c o n d u c t i v i t y  o f  .305 dSm-' 
( 1  decisieman m - l  = 1 mhos  cm-') compared t o  o c c u r r i n g  f i r s t  on the  1 0 t h  
l e a f  w i t h  a c o n d u c t i v i t y  o f  1.170 dSm-'. The common s o l u t i o n  u t i l i z e d  f o r  
n u t r i e n t  c u l t u r e  s tud ies has a c o n d u c t i v i t y  o f  approximately 1.200 dSm-' 
(Hammer e t  a l . ,  1978) and i s  approximately one-half s t r e n g t h  o f  the  o r i g i n a l  
Hoaglands s o l u t l o n .  There was a l s o  an increase i n  ca lc ium I n  bo th  the Inner  
and ou ter  leaves, I n d i c a t i n g  t h a t  there  may have been a g r e a t e r  ca lc ium 
v i  
t r a n s p o r t  i n  p l a n t s  maintained w i t h  the l o w e r  n u t r i e n t  concentrat ion.  The 
Increase I n  the Inner l eaves  I s  o f  quest lonable s l g n l f  Icance, however, because 
o f  t he  wide v a r i a b i l i t y  i n  l e v e l s  found l n  the fou r  p lan ts .  Two p lan ts  had 
n e a r l y  the same l e v e l s  of ca lc ium as found i n  the p l a n t s  maintalned a t  the  
h igher  n u t r i e n t  concentrat lons.  The reduced s t rength  s o l u t i o n  produced 
s l g n l f i c a n t l y  smal ler  p lan ts  and thus the  t i p b u r n  delay may be the r e s u l t  o f  
slowed growth ra the r  than the increased ca lc ium t ranspor t  t o  the inner  
1 eaves. 
e) Another study was performed t o  t e s t  whether v l b r a t l o n  caused by p l a n t  
shaklng would increase ca lc ium t ranspor t  t o  the t i pbu rn -sens i t i ve  leaves a t  
the growing p o i n t  o r  p rov ide  s t ruc tua l  s t rengthening t o  decrease o r  e l i m i n a t e  
t i p b u r n  I n j u r y .  
The shaking o f  p l a n t s  d i d  no t  prevent t i p b u r n  a l though there  was an 
i n d i c a t i o n  t h a t  t i p b u r n  was delayed. Shaklng delayed t i p b u r n  one day and the  
f i r s t  l e a f  t i p b u r n i n g  was the 12 th  ra ther  than the  10 th  l e a f .  I n t e r e s t i n g l y ,  
there  was a l s o  l n d i c a t l o n  t h a t  the  shaking treatment Increased the shoot d r y  
weight.  
Studies o f  Calctum Accumulatlon i n  Developing Leaves: a)  The growing p o i n t s  
o f  one-half o f  the  p l a n t s  i n  the study were  sheathed w i t h  an enclosure made 
f r o m  a lumin ized polyethy lene f l l m  t o  m i m i c  a heading cond i t i on .  
were f i t t e d  over the growing p o l n t  beglnning w i t h  l e a f  7, as numbered from the  
base, and inc luded a l l  younger leaves. The young leaves were  covered f o r  a 4 
day treatment per iod.  
The sheaths 
A t  harvest,  t l p b u r n  i n j u r y  was present on a l l  p l a n t s  Inc luded i n  the  
enclosure t reatment,  bu t  was present on on ly  one o f  the unt reated c o n t r o l  
p lan ts .  The ca lc ium concent ra t lon  was on ly  .63 mg/g d r y  weight  I n  the  covered 
v i  i 
i nner  leaves, 57% lower than the  uncovered c o n t r o l s .  The magnesium 
concentrat ion o f  the Inner  l e a f  t l s s u e  was o n l y  s l l g h t l y  a f f e c t e d  by the  
enclosure treatment. The magnesium concent ra t ion  o f  the  covered leaves was 
o n l y  about 3% lower than the  uncovered c o n t r o l s .  Th is  research documents t h a t  
enclosure o f  leaves a t  the  growing p o i n t ,  as would occur w i t h  normal head 
development, I s  s u f f i c i e n t  t o  c rea te  a l i m i t i n g  c o n d i t i o n  o f  ca lc ium i n  t h e  
t i s s u e  capable o f  i n i t i a t i n g  t l p b u r n  I n j u r y .  
b) The calc ium concent ra t ion  o f  the  Inner  t ipburn-suscept ib le  leaves was 
determined a t  d i f f e r e n t  times over the  day t o  f i n d  i f  low ca lc ium 
concentrat ions tend t o  occur d u r i n g  a p a r t i c u l a r  p a r t  o f  the  day and thus g i v e  
in fo rmat lon  i n d i c a t i n g  when and how calc ium moves t o  the  develop ing t i ssues .  
The moni tor ing of ca lc ium a t  four  d i f f e r e n t  t imes i n d i c a t e d  a r e d u c t i o n  
o f  ca lc ium concentrat lons d u r i n g  the day and an increase a t  n i g h t .  A low 
l e v e l  o f  0.047% Ca was seen i n  the  inner  t l p b u r n  s e n s i t i v e  leaves near t h e  end 
o f  the  l i g h t  per iod and a h igh  o f  0.059% Ca a t  the s t a r t  o f  the  l i g h t  per iod .  
There was a s i m i l a r  p a t t e r n  o f  decrease and increase i n  the  ou ter  e n l a r g i n g  
leaves bu t  concentrat ions were approximately 1 5  t imes g r e a t e r .  Th is  data 
documents tha t  there  i s  a measurable d i l u t i o n  o f  ca lc ium i n  the  inner  leaves 
d u r i n g  t h e  l i g h t  per iod;  i n d i c a t i n g  t h a t  p l a n t s  would be most suscept ib le  t o  
ca lc ium-re la ted i n j u r l e s  toward the end o f  the  1 g h t  per iod .  
c )  The x-ray d i f f r a c t i o n  microprobe, u t i l l z  ng a wavelength d i s p e r s i o n  
d e t e c t i o n  system, was found t o  be u s e f u l  f o r  mon t o r l n g  low l e v e l s  o f  ca lc ium 
i n  l e t t u c e  t i ssue.  The beam w i d t h  was s e t  a t  50 micrometer so t h a t  i t  was 
p o s s i b l e  t o  monltor very  l o c a l i z e d  areas o f  leaves. 
This  study documented t h a t  there  are  very low l e v e l s  o f  ca lc ium present  
I n  developing leaves and s i g n i f i c a n t l y  lower l e v e l s  toward the  margins of 
leaves than I n  mldveIns. This  was shown i n  2 cm l o n g  leaves, w i t h  bo th  t h e  
v i i i  
t i p  and s lde  margtn havlng on ly  one-tenth the ca lc lum found I n  the m l d r l b  near 
the base. I n  con t ras t ,  the  l a r g e r  exposed l e a f  had no s l g n l f l c a n t  ca lc lum 
grad Ien t  toward the  t i p  and marglns. 
low concentrat ions found I n  the  t l p  and marglnal  areas o f  leaves t h a t  a re  the  
l oca t i ons  o f  t l p b u r n  I n j u r y  I n  le t tuce .  
This x-ray probe data documents the very 
i x  
INTRODUCTION 
P lan ts  grown i n  c o n t r o l l e d  environments a r e  sub jec t  t o  p h y s i o l o g i c a l  
i n j u r i e s  and growth r e s t r i c t i o n s  t h a t  a r e  r a r e l y  encountered ir: ou ts ide  
environments. When growth ra tes  are fo rced  w i t h  favo rab le  environmental  
c o n d i t i o n s  many i n j u r i e s  develop which may s e r i o u s l y  l i m i t  growth. Thus, i n  
l i f e  suppor t  systems where i t  I s  essen t ia l  t o  maximize growth r a t e s  o f  p lan ts ,  
these i n j u r i e s  a r e  ser ious  l i m i t a t i o n s  t o  p l a n t  product ion.  
Calc ium d e f i c i e n c y  i n j u r y  i s  o f  cons iderab le  concern t o  c e r t a i n  species 
o f  p l a n t s  when grown I n  c o n t r o l l e d  environments. I t  i s  o f  major s i g n i f i c a n c e  
t o  l e t t u c e  p roduc t i on  i n  greenhouses (Kloes,  7952) and when grown i n  growth 
chambers. I t  i s  impossib le  t o  grow l e t t u c e  f r e e  o f  t h i s  problem i n  growth 
chambers under favo rab le  r a d i a t i o n  and temperature l e v e l s  un less p l a n t  growth 
i s  re ta rded  by water s t ress .  Ca-related I n j u r i e s  have been observed i n  many 
o the r  p l a n t s  and i n  d i f f e r e n t  organs o f  t he  p lan ts .  I t  has been observed i n  
the  deve lop ing  leaves o f  escaro le,  cabbage, ce le ry ,  Brussel  sprouts ,  ch icory ,  
c a r r o t s  and s t rawber r i es ;  f lower  pa r t s  o f  c a u l i f l o w e r  and s t rawber r ies ;  
s to rage t i ssues  o f  tomatoes, ca r ro ts ,  parsn ips  and peanuts; and f r u i t  o f  
tomatoes, peppers, watermelon, apples, pears, avacado, prunes and c h e r r i e s  and 
mango (Shear, 1975). 
The I n j u r y  becomes more ser ious as the  growth r a t e  o f  the  p l a n t s  i s  
increased w i t h  more favo rab le  growing environments ( T l b b l t t s  and Rao Roma Rao, 
1968; Shear, 1975). F o r  example, the  i n j u r y  has been observed I n  co rn  o n l y  
when p l a n t s  a r e  grown under very h igh i n t e n s i t i e s  o f  l i g h t  (observa t ions  In 
U n i v e r s i t y  o f  Wisconsin B i o t r o n ) .  
Large d i f f e r e n c e s  i n  s e n s i t i v i t y  t o  i n j u r y  have been noted w i t h  d i f f e r e n t  
c u l t i v a r s  of d i f f e r e n t  species as l e t t u c e  (Krueger, 1966), potatoes ( C o l l i e r  
e t  a l . ,  1980). Brussel  sprouts  ( P r i e s t l y  and North,  1962) and tomatoes 
(Greenleaf and Adams, 1969). 
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The i n j u r y  develops I n  t i ssues  t h a t  have low r a t e s  o f  t r a n s p i r a t l o n ,  thus 
i n j u r y  i s  found i n  en la rg ing  leaves w i t h i n  enclosed growing p o i n t s  
( p a r t i c u l a r l y  w l t h  p l a n t  species as l e t t u c e  and cabbage t h a t  develop heads), 
s torage t l ssues  I n  t h e  s o i l ,  and e n l a r g i n g  f r u i t s  w l t h  impermeable sur face  
l aye rs .  
non - t ransp i r i ng  t i ssues  (Shear, 1975; Thibodeau and M i n o t t i ,  1969). Th is  t ype  
o f  i n j u r y  i s  r e s t r i c t e d  t o  a d e f i c i e n c y  o f  Ca (and p o s s i b l y  8) because t h i s  
n u t r i e n t  i s  moved on ly  i n  the  xylem stream and n o t  t rans loca ted  through phloem 
elements as a re  other  n u t r i e n t s  such as K and P. The I n j u r y  develops even 
though adequate amounts o f  Ca a r e  prov ided i n  the  s o i l  o r  n u t r i e n t  medium 
(Takano and Sisa,  1964), and i s  more ser ious  as the  t o t a l  n u t r i e n t  
concen t ra t l on  of the medla Is Increased ( B r a d f i e l d  and Gu t t r i dge ,  1979; Hason 
and Gu t t r l dge ,  1975). I n j u r y  has even been Increased when the  n u t r l e n t  
concen t ra t i on  i s  e levated w l t h  Ca s a l t s  (Walker e t  a l . ,  1961; Gu t t r i dge  e t  a l .  
1978). A recent  repo r t  l n d l c a t e s  t h a t  the  osmotic pressure o f  t he  n u t r i e n t  
medlum must be maintalned a t  o r  near 0.25 atmosphere, t o  prevent  i n j u r y  
( B r a d f l e l d  and Gut t r ldge ,  1979). Th is  concen t ra t i on  l s  l e s s  than the  s tandard 
one-hal f  s t r e n g t h  mod i f ied  Hoagland's n u t r l e n t  s o l u t l o n  (0.40 atmosphere) 
u t i l l z e d  i n  most l i q u i d  c u l t u r e  s tud ies .  
The i n j u r y  develops because the re  I s  inadequate Ca movement t o  these 
Previous research has a l s o  demonstrated t h a t  s i g n i f l c a n t  q u a n t i t i e s  o f  
ca lc ium can be t rans loca ted  t o  a l l  t l ssues ,  i n c l u d i n g  non- t ransp l r l ng  t l ssues ,  
If the atmosphere i s  satura ted  w i t h  water and r o o t  pressures develop t o  f o r c e  
water through the  p l a n t  ( P a l z k i l l  and T i b b l t t s ,  1978). Wl th  s a t u r a t l o n  of t he  
atmosphere over t h e  n i g h t  per iod ,  I t  has been shown t h a t  ca l c lum 
concent ra t ions  can be increased and I n j u r i e s  t o  cabbage p l a n t s  prevented i n  
growth chambers ( P a l z k l l l ,  T i b b i t t s  and Wi l l lams,  1976).  Th is  procedure a l s o  
has e f f e c t i v e l y  prevented a ca l c lum d e f i c i e n c y  i n j u r y  i n  s t rawber r l es  
( B r a d f l e l d  and Gut t r ldge,  1979). However, we have n o t  been a b l e  t o  p revent  
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i n j u r y  t o  l e t t u c e  w i t h  t h i s  procedure, b u t  have found t h a t  ca lc ium l e v e l s  i n  
suscep t ib le  t i ssues  were increased, though n o t  above, t he  th resho ld  f o r  i n j u r y  
I t  has been suggested t h a t  these Ca d e f i c i e n c y  problems a re  p a r t i c u l a r  
problems I n  c o n t r o l l e d  environments because the humid i ty  l e v e l s  d u r i n g  the 
dark pe r iod  a re  u s u a l l y  considerably below s a t u r a t i o n  l e v e l s  so t h a t  r o o t  
pressure r a r e l y  develops. Also, t h e  r o o t  media coo ls  s i g n i f i c a n t l y  d u r i n g  
each dark pe r iod  so t h a t  water uptake by the  roo ts  i s  re ta rded and thus the  
p o t e n t i a l  f o r  r o o t  pressure development I s  less .  
Research has shown t h a t  d a i l y  f l u c t u a t i o n s  i n  water p o t e n t i a l ,  h i g h  water 
s t ress  d u r i n g  the day and low water s t ress  a t  n i g h t ,  w i l l  i n h i b i t  i n j u r y  i n  
cabbage because t h i s  promotes water, and hence ca lc ium movement, v i a  xylem 
t r a n s p o r t  (Wlebe e t  a l . ,  1974). 
Th is  research has been undertaken t o  i n v e s t i g a t e  a number o f  d i f f e r e n t  
procedures, t h a t  would have the p o t e n t i a l  f o r  encouraging movement o f  ca lc ium 
i n t o  the  young developing leaves. 
increases and the i n h i b i t i o n  o f  t i pbu rn  development i n  the  develop ing leaves. 
I n  add i t i on ,  i n v e s t i g a t i o n s  have been undertaken t o  study the  t ime course and 
p a t t e r n  of ca lc ium accumulation i n  develop ing leaves t o  p rov ide  a bas i s  f o r  
develop ing e f f e c t i v e  c o n t r o l  procedures f o r  t h i s  i n j u r y .  
Data has been obtained on the  ca lc ium 
3 
MATERIALS AND METHODS 
Plants  were maintained e i t h e r  i n  p e a t - v e r m i c u l i t e  media o r  i n  l i q u i d  
c u l t u r e  i n  t h e  d i f f e r e n t  s tud ies.  For the  peat -vermicu l i te  s tud ies,  l e t t u c e  
was sown i n t o  moistened p e a t l t t e  i n  p l a s t i c  con ta iners .  Seedlings were grown 
f o r  14 days f rom sowing i n  a reach- in  growth chamber. 
cool-whi te f luorescent  lamps w i t h  a 16-hr photoper iod.  
p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t l o n  (PAR) a t  p l a n t  he igh t ,  measured w i t h  a 
LI-COR quantum sensor, was maintained between 300 and 350 umol s in i n  
the  d i f f e r e n t  studies.  L i g h t -  and dark-per iod temperatures were h e l d  between 
20 and 24OC. RH was monitored w i t h  a l i t h i u m  c h l o r i d e  sensing element which 
was c a l i b r a t e d  d a i l y  w i t h  a thermocouple psychrometer. RH was between 60 and 
80% i n  both the  l l g h t  and dark.  With an automatic water ing  system, each 
conta iner  received about 100 m l  o f  n u t r i e n t  s o l u t i o n  4 t o  6 t imes each day 
(Hammer e t  a l . ,  1978) i n  which the  Ca concent ra t ion  was 10-4M. 
The l i g h t i n g  was w i th  
The mean 
-1 -2 
I 
A t  14 days, the seedl ings were t r a n s f e r r e d  t o  o ther  growing rooms f o r  
exper imental  treatments. S i m i l a r  l i g h t ,  temperature and humid i ty  cond i t ions  
were maintained dur ing t h i s  p e r i o d  unless changes were requ i red  f o r  spec l f  i c  
t reatments . 
For the  l i q u i d  c u l t u r e  s tud ies  l e t t u c e  was grown I n  a reach- in  cab ine t  
equipped w i t h  a s o l u t i o n  c u l t u r e  system ( T i b b l t t s  e t  a l . ,  1978) w i t h  one l i t e r  
conta iners and a c i r c u l a t i o n  r a t e  o f  85 m l  per minute per conta iner .  Seeds 
were germinated on b lack  rayon c l o t h  i n  n u t r i e n t  s o l u t l o n  and t ransp lan ted  2 
per po t  when t h e  hypocotyls reached 25 mm long. The seedl ings were supported 
by ethanol  washed, autoclaved wh i te  foam plugs pa in ted  b lack  on t o p  t o  prevent  
l l g h t  p e n e t r a t i o n  t o  the  r o o t  zone. A mod i f ied  h a l f - s t r e n g t h  Hoagland 
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General 
s o l u t i o n  was used as descr lbed by Hammer e t  a l .  (1978). S o l u t l o n  pH was 
malntalned a t  5.75 .25 pH us ing  an automatlc pH c o n t r o l l e r  by a d d i t i o n  o f  
0.1 N HC1 o r  0.1 N KOH. Old so lu t i on  was cont lnuously  b led  f r o m  the system 
and f r e s h  s o l u t l o n  re-added a t  a ra te s u f f l c l e n t  t o  ho ld  I t s  I o n i c  s t reng th  t o  
w l t h l n  1% o f  the  f r e s h  so lu t l on .  
Fourteen days from seeding the p l a n t s  were t rans fe r red  t o  a wa lk - in  
growth room and t ransp lan ted  i n t o  a s l m l l a r  r e c l r c u l a t t n g  s o l u t i o n  c u l t u r e  
system prov lded w l t h  a c l r c u l a t i o n  r a t e  o f  200-400 m l  per p o t  per  minute. 
seedl ings were p lanted,  1 per contalner,  and l e f t  I n  t h l s  system f o r  the 
remalnder o f  the experiment. The l i g h t ,  temperature, and humld l ty  cond i t i ons  
I n  the l i q u l d  c u l t u r e  s tud les were s l m l l a r  t o  those maintalned i n  the  peat 
vermucul l te  s tudtes unless lnd lcated d l f f e r e n t l y  I n  s p e c l f l c  s tudtes below. 
The 
Plants  were malntalned under treatment cond l t lons  f o r  14 days. The da te  
and the  number o f  l e a f  on whtch t lpburn  f l r s t  appeared on each p l a n t  were 
recorded. Tlpburn was l d e n t l f l e d  by the appearance o f  one o r  more n e c r o t i c  
l es lons ,  usua l l y  a t  the apex bu t  occas lonal ly  on the l e a f  margin. A t  the end 
o f  t he  t reatment per iod ,  the  a e r i a l  p o r t l o n  o f  each p l a n t  was harvested by 
c u t t l n g  a t  the  coty ledonary node. Records were taken o f  the number o f  each 
l e a f  w t t h  t t pbu rn  and d r y  weight of  the  top o f  the p l a n t  were determined. 
smal l ,  inner  leaves between 1 and 3 cm I n  l eng th  were analyzed f o r  Ca content  
and the  r e s u l t s  compared w l t h  those f r o m  an analyses o f  the remalnlng leaves 
and stem o f  the  p l a n t .  Each sample was oven dr led ,  subsampled, and ashed f o r  
Ca ana lys ts .  The ashed samples were d lsso lved i n  HC1 s o l u t l o n  t o  whlch 
LaC13 was added and the Ca concentrat lon was measured us lng  a Perk ln  Elmer 
(Model 2380) atomlc absorp t lon  spectrophotometer. 
The 
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Studies on I n j u r y  Prevention 
- Relat ive Humldlty: 
humldl ty t o  saturat lon dur lng the dark per lod i n  order t h a t  roo t  pressures 
would develop. 
leaves and data taken on t lpburn  development. 
Inves t lga t lons  were  undertaken t o  Increase r e l a t l v e  
Study was made o f  calc ium accumulation I n  the young developing 
Lettuce, c u l t i v a r ,  Lob jo l ts  Green Cos., was sown and grown I n  one l l t e r  
whi te  p l a s t i c  containers f l l l e d  w l t h  peat-vermucull te f o r  these studles.  The 
fourteen day o l d  seedllngs were subjected t o  experimental treatments I n  small  
chambers, 30 x 30 x 20 cm I n  he lght  constructed from u l t r a v l o l e t -  
t ransml t t ing  Plexlglas GII,UVT (Rohm and Haas, I n c . ) .  An 11.7 cm dlameter 
ho le was cu t  I n  the base of each t o  accommodate the a e r i a l  par ts  o f  the 
p lants .  
supports a t  each corner, 2 o f  the supports belng water reservo l rs ,  each 1200 
ml i n  volume. The top of  the p l a n t  containers were pos l t loned f l u s h  w l t h  the 
base o f  the chamber. The chambers were placed I n  a walk-In, c o n t r o l l e d  
envl  ronment room. 
The base of  the chamber was 16 cm above bench helght  w l t h  P lex lg las  
The RH treatments were  51%, 62% and 14% dur lng the l l g h t  per lod and 65% 
72%. 90% and >95% dur lng the dark per lod.  
treatments were conducted w l t h  correspondtng dark- and l i g h t - p e r i o d  humld l t ies 
o f  95% and 62%. respect ively.  Wlth the exception o f  >95% RH, the humidi ty of 
the room a i r  was cont ro l led  t o  the described l e v e l  and the a l r  drawn i n t o  the 
chambers a t  20 l i t e r s  rnln-' w l t h  squ i r re l - type  fans. 
through the chambers were  switched o f f  f o r  humld l t les >95% and, o l l - f r e e  
The l l g h t -  and dark-period 
The fans drawlng a i r  
diaphragm pumps were used t o  bubble room a i r  a t  5 l l t e r s  mln- '  through a 
water reservo i r  I n  one support l e g  o f  the chamber. 
Mean a i r  temperatures I n  the chambers, measured d a l l y  w l t h  a copper 
constantan thermocouple, were 26.0" and 1 2 . 5 " C  i n  the l l g h t  and dark, 
respect lve ly ,  w l t h  a v a r l a t l o n  of  5 1.8" between the chambers. 
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I n  these s tud ies,  as i n  the roo t  temperature s tud les fo l low lng ,  the  
l l g h t l n g  w l t h  cool -whl te  f luorescent  lamps was supplemented w l t h  Incandescent 
lamps havlng an I n p u t  wattage o f  70 and 30%. respec t lve ly .  
Root Temperatures: The r o o t  temperature was Independently regulated from 
shoot temperature t o  determlne If a s i g n l f i c a n t  improvement i n  uptake o f  
ca lc ium and/or tncreased r o o t  pressure f l o w  could be obtalned and thus prov lde  
adequate ca lc lum t o  the  developing leaves. 
temperature was c o n t r o l l e d  by surrounding the pots  w i t h  a c o i l  o f  f l e x t b l e .  
p o l y v i n y l c h l o r i d e  tub ing  through whlch water was pumped from a 
temperature-contro l led bath. The warm r o o t  temperatures, measured d a l l y  wl th  
a copper-constantan thermocouple I n  the center  o f  the pots,  were 25.5 2 2.0'C 
and 21.8 2.0' i n  the l i g h t  and dark, respec t lve ly ;  and the cool  r o o t  
temperatures were 15.9 2 7.0' and 13.9 2 1.0' i n  the l l g h t  and dark, 
respec t tve ly .  
For these s tud ies the r o o t  
ENVIRONMENTAL MODULATION: Welbe, Schatzler and Kuhn (1977) have shown t h a t  
ca lc lum i s  t ranspor ted t o  non- t ranspl r lng t i ssues  as a r e s u l t  o f  hydra t ion  and 
dehydrat ion under f l u c t u a t l n g  envtronmental cond i t lons .  I t  was the  purpose o f  
t h l s  study t o  determine I f  an envlronment which maximizes water s t ress  d u r l n g  
the day and minlmlzes s t ress dur ing  the n l g h t  could induce grea ter  ca lc lum 
t r a n s p o r t  t o  the t lpburn-sens l t l ve  developing leaves and thus decrease o r  
e l l m l n a t e  t ipburn .  
The water st.ress on the p l a n t s  was f l u c t u a t e d  d i u r n a l l y  through 
r e g u l a t l o n  of the l r rad lance,  temperature and humld l ty  l e v e l .  The p a t t e r n  o f  
environmental r e g u l a t i o n  f o r  t h l s  study l s  shown l n  F igure  1. r l u c t u a t t o n s  
were t imed so t h a t  t h e  average temperature, r e l a t l v e  humld l ty  and t r rad lance 
over each per iod  of 24 hours was equal t o  a comparison treatment maintained a t  
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350 umol-1m-2 i r rad iance f o r  16 h, 20°C l i g h t  and dark temperature and 61% 
l i g h t  and dark r e l a t i v e  humidi ty.  
14 days a f t e r  seeding. 
The f l u c t u a t i n g  environment was I n i t i a t e d  
Buttercrunch l e t t u c e  was grown i n  s o l u t i o n  c u l t u r e  f o r  t h i s  study. 
Th l r ty - two uni form p lan ts  were se lected 14 days a f t e r  seeding and t r a n s f e r r e d  
t o  one l i t e r  contalners I n  a walk- in  growing room. I n  an e f f o r t  t o  e l i m i n a t e  
some o f  the v a r i a b i l i t y  i n  ca lc ium accumulation i n  the  p a r t i a l l y  enclosed 
Inner  leaves. the growing po in ts  o f  one-half o f  the p l a n t s  were sheathed wl th 
an enclosure made from aluminized polyethelene f i l m  as d e t a l l e d  i n  the l e a f  
enclosure study. 
t r a n s f e r  t o  t h e  walk-ln growth room. 
the p l a n t s  were harvested f o r  ca lc ium and magnesium ana lys is  
The sheaths were f t t t e d  on the p l a n t s  s i x  days a f t e r  
A f t e r  an a d d l t i o n a l  f o u r  days o f  growth 
Llght-Dark Cycle Length: I n v e s t i g a t i o n s  were undertaken t o  determine i f  
shortened L:D cyc le lengths,  i n  combination w i t h  elevated atmosphere mois ture 
l e v e l s  dur ing  the dark p o r t l o n  o f  the cyc le ,  would prevent l e a f  I n j u r y .  I t  
was hypothesized t h a t  the elevated mois ture l e v e l s  d u r i n g  the e x t r a  dark 
per iods would provide more e f f e c t i v e  r o o t  pressure t ranspor t  o f  ca lc ium d u r i n g  
these dark periods. 
c o n t r o l l e d  environments i s  due t o  lea f  growth ra tes  i n  excess o f  ca lc lum 
supply. 
t o  non- t ranspi r ing t i ssues  d u r i n g  the  previous dark cyc le .  I f  t h e  
photoper iodtc cycle 1 s  shortened w h i l e  r e t a i n i n g  the same 1ight:dark r a t l o ,  
the l i g h t  c y c l e  i s  e f f e c t i v e l y  s p l i t  i n t o  smal ler  photosynthet ic  per iods wi th  
l e s s  calc ium demand between supply events. The p l a n t  may have enough ca lc lum 
a v a i l a b l e  d u r i n g  these shor ter  episodes o f  growth t o  l a s t  u n t i l  the  nex t  
supply event. 
I t  I s  bel ieved t h a t  the r a p l d  development o f  t l p b u r n  i n  
Leaf growth dur ing  a long l i g h t  c y c l e  may deplete ca lc ium t ranspor ted 
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Plants  o f  c u l t i v a r ,  Buttercrunch, were grown l n  s o l u t i o n  c u l t u r e  f o r  
these s tud les under a 1lght:dark cycle o f  16:8 h r .  A t  14 days a f t e r  seeding, 
p l a n t s  were t r a n s f e r r e d  t o  separate t reatment chambers as descr lbed i n  the 
Humldl ty and Root Temperatures studies and malntalned under 1lght:dark cyc les 
o f  16:8, and 8:4 h r .  Thus each treatment had the same number o f  l i g h t  and 
dark hours d u r i n g  each 24-hour pertod. 
saturated humld i ty  l e v e l s  dur lng  each dark per lod  by d l r e c t l n g  mols t  a i r  f rom 
an atomiz lng h u m i d l f l e r  i n t o  the chambers. Dur ing each l i g h t  per iod  20 l /mln 
o f  room a l r  a t  50% RH was p u l l e d  through the  chambers w i t h  squi r re l -cage fans. 
The l l g h t  and humid i ty  treatments were maintained f o r  14 days u n t i l  
t l p b u r n  had been i n l t l a t e d  on the p lants .  Two experlments were undertaken a t  
the  16:8 h r .  and one a t  the  8:4 cyc le  lengths.  
The p lan ts  were exposed t o  near 
NUTRIENT SOLUTION POTENTIAL: The n u t r l e n t  concentrat ion was reduced t o  
promote grea ter  r o o t  pressure dur lng the  dark per lod  and thus o b t a i n  g rea ter  
ca lc lum t ranspor t  I n t o  the  developing leaves. Thls technlque has e f f e c t l v e l y  
reduced t l p b u r n  I n j u r y  i n  strawberr les ( B r a d f t e l d  and Gut t r ldge,  1979). 
Seedl ing p l a n t s  o f  Buttercrunch l e t t u c e  were grown f o r  14 days f rom 
seedlng I n  the  s o l u t i o n  c u l t u r e  system a t  the  normal n u t r i e n t  s t r e n g t h  
(1.170 declslemans m-’ o r  1.170 mmhos cm-*). They were then t r a n s f e r r e d  
t o  a growlng room i n t o  separate p lex lg lass  t reatment chambers as descr lbed i n  
the  Humldl ty and Root Temperature studtes. Two separate s o l u t l o n  systems were 
provlded, one malntalned a t  one-fourth concentrat ion ( .305 declslemans m-’) 
and one malntalned a t  the same concentrat lon as used f o r  the seedl lng p l a n t s  
(1.170 declslemans m-’). 
a t  each s o l u t l o n  concentrat ion.  The humld l ty  d u r l n g  the dark per lod  was 
matntalned near s a t u r a t i o n  by d l r e c t l n g  mols t  a l r  f rom atomlz lng h u m l d l f l e r s  
I n t o  the  p l e x l g l a s s  chambers surroundlng the  p lan ts .  
Four plants were maintatned I n  separate chambers 
The humld l ty  d u r i n g  the  
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l l g h t  per lod  was malntalned a t  50% by drawlng 20 l / m l n  o f  room a i r  through the  
chambers w l t h  squirrel-cage fans. 
growth and d r y  welght and ca lc lum concent ra t ion  determined. 
P lants  were harvested a f t e r  1 4  days o f  
P lan t  Shaking: 
p l a n t  shaklng would cause morphologlcal  o r  anatomlcal changes whlch would 
a l l o w  Increased calc lum t o  be t ranspor ted t o  the  t l p b u r n - s e n s l t l v e  leaves a t  
the  growlng p o t n t  o r  p rov lde  s t r u c t u a l  s t rengthenlng t o  decrease o r  e l i m t n a t e  
t l p b u r n  I n j u r y .  
Thls study was performed t o  t e s t  whether v i b r a t i o n  caused by 
Plants  o f  c u l t i v a r ,  Buttercrunch, were grown I n  p e a t - v e r m l c u l i t e  f o r  
these s tud les .  F l f teen days a f t e r  seedlng, 5 p l a n t s  were se lected f o r  shaklng 
treatment.  Beglnnlng on t h l s  day and cont lnu lng  each day u n t l l  the p l a n t s  
were 35 days o ld ,  each o f  these p l a n t s  was shaken f o r  one mtnute. 3 t o  4 hours 
a f t e r  the  s t a r t  o f  the l l g h t  per lod,  by rock lng  the base o f  the p o t  back and 
f o r t h  on a hard surface f o u r  tlmes per second. F l v e  o ther  p l a n t s  were 
malntalned i n  the same chamber as c o n t r o l s .  A l l  p l a n t s  were checked d a l l y  f o r  
the  occurance o f  t lpburn .  A f t e r  20 days o f  t reatment the top  o f  each p l a n t  
was harvested. 
I 
Studies o f  Calcium Accumulatlon l n  Developing Leaves 
E f f e c t  o f  Leaf Enclosure: P lants  o f  c u l t i v a r ,  B u t t e r  Crunch, were 
t ransplanted from t h e  seedl lng system I n t o  the  s o l u t l o n  system w l t h l n  a 
growlng room. A f t e r  6 days o f  growth, t h l r t y - t w o  un i fo rm s l z e  p l a n t s  were 
selected. 
enclosure made f rom alumlnlzed polyethy lene f i l m  (F lgure  2 ) .  
formed by heat-seal lng the edge of a f o l d e d  p lece o f  the  polyethy lene.  
measured 5 cm l o n g  and 3 cm wlde, and tapered toward t h e  base f o r  a snug f l t  
The growlng p o l n t s  o f  one-half o f  the p l a n t s  were sheathed w l t h  an 
Thls  sheath was 
I t  
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on the  p l a n t .  The sheaths were f i t t e d  over the growing p o i n t  beginn ing w l th  
l e a f  7, as numbered f r o m  the base, and Included a l l  younger leaves. A f t e r  2 
and 3 days o f  enclosure, the sheaths were removed and repos i t toned t o  expose 
the 7 t h  and 8 t h  leaves, respect ive ly ,  which had become too  l a r g e  t o  be 
enclosed. 
the 4 day treatment per iod .  
as con t ro l s .  
A l l  younger leaves were cons tan t ly  covered by the enclosures over 
S i x t e e n  p l a n t s  were never covered and were l e f t  
A f t e r  4 days o f  the enclosure treatment, the sheathed and non-sheathed 
p l a n t s  were c u t  a t  the  coty ledonary node and f r e s h  weight was determined. 
Leaves from 1 t o  3 cm i n  length,  designated as ' i nne r  leaves ' ,  were sampled 
and assessed f o r  t i p b u r n  i n j u r y .  T h i s  Included leaves 9 through 14 as counted 
f r o m  the base. Leaves 5 and 6, deslgnated as the 'ou ter  leaves ' ,  were a l s o  
sampled. 
no t  covered by the  enclosure treatment a t  any t i m e .  
ana lys is ,  a magneslum analys s was a lso  undertaken on the samples through use 
o f  atomic absorp t ion  spectrophotometric procedures. 
These ou ter  leaves were near ly  f u l l y  developed a t  harvest  and were 
I n  a d d i t i o n  t o  ca lc lum 
The experiment was repeated. As no unusual d i f f e rences  were present  
between the two experiments, the data were combined and a re  repor ted 
together .  The experiments were o f  a completely randornlzed design. 
D iu rna l  F luc tua t ions :  The ca lc ium concentrat ion o f  the inner  
t ipburn-susceptable leaves was determined a t  d i f f e r e n t  t imes over the  day 
f i n d  i f  l o w  ca lc ium concentrat ions tend t o  occur du r ing  a p a r t i c u l a r  p a r t  o f  
the day and thus g i ve  In fo rmat lon  i n d i c a t i n g  when and how ca lc ium moves t o  the  
develop ing t issues.  
t o  
The p lan ts  analyzed f o r  t h i s  study were those maintained under constant  
cond l t i ons  I n  the  Environmental Modulation study. P lants  were o f  
But ter -crunch l e t t u c e  and malntalned i n  a s o l u t i o n  c u l t u r e  system. Four 
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sheathed p l a n t s  and four nonsheathed p l a n t s  were analyzed a t  each of four  
d i f f e r e n t  t imes dur ing the  day. 
made two hours i n t o  the l i g h t  per iod,  a t  the  middle o f  the  l i g h t  per iod,  two 
hours be fore  the  end o f  the l i g h t  p e r i o d  and d u r i n g  t h e  mlddle o f  the  dark 
per iod.  
The harvests  were t lmed so t h a t  they were 
The l i g h t  per iod was o f  16 h r  and the  dark p e r i o d  o f  8 h r .  
L o c a l i z a t i o n  i n  Small Leaves: The x-ray d i f f r a c t l o n  microprobe, u t l l l z l n g  a 
wavelength d ispers ion  d e t e c t i o n  system, has been found t o  be u s e f u l  f o r  
mon i to r ing  low l e v e l s  o f  ca lc ium i n  l e t t u c e  t i s s u e  (Gupta and H a l l ,  1978; 
Chlno, 1978).  The beam w i d t h  has been s e t  a t  50 micrometer so t h a t  i t  has 
been poss ib le  t o  monltor l o c a l l z e d  areas o f  leaves. Leaf samples were 
obtalned from l e t t u c e  p l a n t s ,  cv.  But tercrunch,  growing I n  the l i q u i d  c u l t u r e  
system. When p lan ts  were 25 days from seeding, t h e  5 t h  and 1 4 t h  leaves were 
removed from p l a n t s ,  qu ick f rozen I n  l i q u i d  n i t r o g e n  and d r i e d  i n  a V l r T i s  
l y o p h t l i z e r .  The dr ied  samples were mounted on stubs and then coated w l th  
carbon. 
RESULTS AND DISCUSSION 
Studies on I n j u r y  Prevent ion 
None of the  d i f f e r e n t  s tud ies undertaken prov lded e f f e c t i v e  c o n t r o l  o f  
t i p b u r n  i n j u r y .  O f  the d i f f e r e n t  t reatments Inves t iga ted ,  r e g u l a t i o n  o f  
r e l a t i v e  humid i ty  l e v e l s  was found t o  have the  g r e a t e s t  c o n t r o l l i n g  e f f e c t .  
Th is  c o n t r o l  was found t o  be a few days delay i n  t i p b u r n  development and was 
associated w i t h  an Increase i n  ca lc ium concentrat ions I n  t h e  young e n l a r g i n g  
leaves. C e r t a i n  other t reatments caused smal l  increases I n  ca lc lum 
concentrat ions i n  the develop ing leaves b u t  provided no evidence f o r  a 
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decrease o r  de lay  i n  t i p b u r n  i n j u r y  development unless growth was 
s l g n l f l c a n t l y  slowed by the treatment. 
R e l a t i v e  Humidi ty and Root Temperature: 
RH d u r i n g  the  l i g h t  p e r i o d  (Table 1) and by Increas ing  i t  above 95% d u r l n g  t h e  
dark per iod  (Table 2).  Tipburn developed l a t e r  a t  the  lower r o o t  temperature 
i n  most cases (Tables 1 and 2) .  Plants maintalned a t  51% RH d u r i n g  the  l i g h t  
per iod,  and w i t h  coo l  r o o t  temperatures, d i d  no t  develop t i p b u r n  by harves t  a t  
28 days; b u t  on the  bas is  o f  o ther  unreported s tud ies  i t  can be assumed t h a t  
the p l a n t s  would have developed t ipburn  i f  grown f o r  a longer  per iod.  
Tipburn was delayed by reducing the  
P lan t  d r y  weight  and t h e  length and w i d t h  o f  l e a f  12 Increased l i n e a r l y  
w i t h  increases i n  l i g h t - p e r i o d  humidi ty (Table 3 ) .  I n  the  dark per iod,  p l a n t  
d r y  weight and t h e  l e n g t h  o f  l e a f  12 were increased s i g n i f i c a n t l y  by o n l y  t h e  
h ighes t  humid i ty  t reatment (Table 4 ) .  The treatment e f f e c t s  on l e a f  w i d t h  
were i n s i g n i f i c a n t .  Growth was very much f a s t e r  a t  the  h igher  room 
temperature i n  both l i g h t -  and dark-per iod humid i ty  t reatments (Tables 5 and 
6 ) .  
The Ca concent ra t ion  o f  the  inner, l o w - t r a n s p i r i n g  leaves was l e s s  than 
1.4 mg Ca g-' d r y  weight (DW) i n  a l l  t reatments and o n l y  about l / l O t h  o f  t h e  
concent ra t ion  i n  the  remainder o f  the p l a n t .  The Ca concent ra t ion  o f  t h e  
inner  leaves increased w i t h  the decreasing RH d u r i n g  t h e  l i g h t  p e r i o d  (Table 
3 ) .  I n  cont ras t ,  t h e  ca lc ium concentrat ion o f  inner  leaves o f  p l a n t s  d i d  n o t  
increase w i t h  decreases o f  RH dur lng t h e  dark per iod.  Highest ca lc ium 
concentat ions,  Instead, were present i n  t h e  p l a n t s  maintained a t  the  h ighes t  
dark-per iod RH l e v e l  (>95%). Dark-period RH t reatments below 95% had lower 
ca lc ium concentrat ions and a l l  had s i m l l a r  l e v e l s  (Table 4) .  P lan ts  grown a t  
r o o t  temperatures o f  23.5' C had marg ina l l y  h igher  Ca concentrat ions i n  i n n e r  
leaves than p l a n t s  grown a t  r o o t  temperatures o f  15" C (Tables 5 and 6) .  The 
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Ca concent ra t ion  o f  the remainder o f  t h e  p l a n t  was between 9.5 and 10.6 mg Ca 
g 
-1 DW I n  t h e  d i f f e r e n t  humid i ty  and r o o t  temperature t reatments.  
The delay i n  t ipburn  development w i t h  low humid i ty  l e v e l s  i n  t h e  l i g h t  
p e r l o d  was associated w l t h  slower growth and increased Ca concentrat ions i n  
the  l e a f  t i s s u e .  The t i m e  taken t o  the  onset o f  t i p b u r n  was c o r r e l a t e d  
n e g a t i v e l y  w i t h  d r y  weight bu t  was unre la ted  t o  ontogenet ic age. I t  i s  
repor ted t h a t  slow-growing p l a n t s  a r e  r e s i s t a n t  t o  t i p b u r n  (Cox e t  
T l b b l t t s  and Rao, 1968), apparent ly  because the  demand f o r  Ca i s  reduced. I t  
a l s o  has been suggested t h a t  the increased Ca l e v e l  which occurs w i t h  slower 
growth a t  reduced humid i t ies r e s u l t s  f rom increased t r a n s p i r a t i o n  and thus 
Increased water t ranspor t  t o  the developing leaves ( P a l z k i l l  e t  a l . ,  1980; 
Wlebe e t  a l . ,  1977). Although sa tura ted  humid i t ies  a t  n i g h t  increased t h e  
r a t e  o f  growth, t ipburn  was reduced probably as a r e s u l t  o f  r o o t  pressures 
t h a t  developed dur ing  the dark per iod  which promoted Ca t r a n s p o r t  t o  the  
young, expanding leaves. 
and T i b b i t t s ,  1977) t h a t  s u b s t a n t i a l  q u a n t i t i e s  o f  Ca a r e  moved t o  young 
t i ssues  when environmental cond i t ions  encourage the development o f  r o o t  
pressure and subsequent g u t t a t i o n  f rom the  leaves. The r e s u l t s  t h e r e f o r e  
i n d i c a t e  t h a t  humidi ty has d i s t i n c t l y  d i f f e r e n t  r e g u l a t o r y  e f f e c t s  on t i p b u r n  
d u r i n g  the  l i g h t  and t h e  dark per iod .  
humid i ty  d u r i n g  t h e  day and saturated mois ture cond i t ions  a t  n i g h t  would a c t  
together  t o  provtde a l a r g e  f l u c t u a t i o n  i n  p l a n t  water p o t e n t i a l  whlch would 
encourage Ca movement t o  the  young leaves and delay t i p b u r n  as shown f o r  
cabbage (Wiebe e t  a l . ,  1 9 7 7 ) .  
a l . ,  1976; 
I t  has been shown I n  s tud ies w i t h  cabbage ( P a l z k i l l  
Nonetheless, the  combination o f  low 
I t  was a n t i c i p a t e d  t h a t  the  h igher  r o o t  temperature, i n  cornbination w i th  
sa tura ted  humid i ty  dur ing the dark per iod,  would increase r o o t  pressure f l o w  
and thereby Increase t h e  Ca concentrat ion i n  young leaves above those found i n  
s i m i l a r  t i s s u e s  of p lants  grown a t  the  lower r o o t  temperature. The smal l  
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Increase I n  Ca concent ra t ion  observed w i t h  the  h igher  r o o t  temperature was n o t  
g rea t  enough t o  have a s t g n l f l c a n t  e f f e c t  i n  reduclng t i p b u r n  i n j u r y .  
o ther  unreported s tud ies,  t i pbu rn  developed r e a d i l y  when the  r o o t  temperature 
was 20 C, thus i t  appears t h a t  r o o t  temperature r e g u l a t i o n  between 15 and 25 
w i l l  n o t  be e f f e c t i v e  i n  prevent ing t ipburn .  
The Ca concent ra t ion  o f  1 mg g- l  found I n  the inner  leaves was 
In 
considerably  l ess  than the l e v e l  o f  3 mg g-' which has been repor ted  i n  
o ther  t l p b u r n - i n j u r e d  t i s s u e  (Krug e t  a l . ,  1972). Thus, even though there  
were Increases o f  0.3 t o  0.5 mg g-' o f  Ca under p a r t l c u l a r  growing 
cond l t ions ,  s i g n l f l c a n t l y  g rea ter  Increases appear t o  be requ i red  t o  avo id  
Ca-def ic lency i n j u r l e s .  
Environmental Modulation: Although t h i s  study was developed t o  modulate the 
environment so t h a t  a g rea ter  f l u c t u a t i o n  I n  p l a n t  water s t ress  would be 
produced i n  p l a n t s  than under constant cond i t lons ,  no d i f f e r e n c e  i n  water 
s t r e s s  was produced between the  modulat ing and constant  environments. Thls  i s  
seen i n  Table 7 which d e t a i l s  the water content  o f  the t i s s u e  a t  f o u r  
d i f f e r e n t  t lmes du r ing  the day. I n  both environments the water content  
decreased 0.5 t o  0.7% dur ing  the l i g h t  pe r iod  and regained t h i s  du r ing  the  
dark per iod .  Consequently, there  was l i t t l e  d i f f e r e n c e  i n  t i p b u r n  development 
under the two environments. Tlpburn developed i n  25 days and on the  11th o r  
12 th  l e a f  I n  both environments (Table 8 ) .  Only small d i f f e rences  i n  ca lc ium 
concentrat lons and d r y  weight were  found between the two treatments wlth 
s l i g h t l y  l e s s  ca lc ium and d r y  weight i n  the  p l a n t s  under the  modulat lng 
envlronment than under the constant environment. 
Th is  study i nd i ca tes  t h a t  more d r a s t i c  envlronmental modulatlons must be 
Thls  probably  undertaken t o  have a s l g n i f i c a n t  e f f e c t  on p l a n t  water s t r e s s .  
cou ld  be accornpllshed by u t i l i z i n g  growth chambers f i t t e d  w l t h  HID lamps t o  
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Increase l r rad lance  s l g n l f l c a n t l y  and l n s t a l l l n g  fans t o  d i r e c t  a l a r g e  a l r  
movement over the p lan ts  dur lng  the l l g h t  per iod.  
L lght:Dark Cycle Length: The use o f  a 8:4 l l g h t  dark c y c l e  Instead o f  a 16:8 
cyc le  prov lded no reduct lon I n  t l p b u r n  nor  caused any Increase i n  ca lc lum 
concent ra t lon  I n  the leaves. Tlpburn occurred between 23 and 24 days a f t e r  
p l a n t l n g  and a t  a calc lum concent ra t lon  between 0.07 and 0.08% I n  bo th  l l g h t  
cyc les  (Table 9 ) .  Thus there  was no l n d l c a t l o n  t h a t  more f requent  per iods o f  
dark, w l t h  saturated humld l ty  and p l a n t  g u t t a t l o n ,  would mlntmlze t l p b u r n  
damage. 
I t  was l n t e r e s t l n g  t o  note t h a t  the shoot d r y  welght o f  the p l a n t s  under 
the  two cyc les was s l m l l a r ,  suggest lng t h a t  there  1 s  no exac t l ng  requirement 
o f  a 24 hour photoper lod f o r  l e t t u c e  growth. 
N u t r l e n t  S o l u t l o n  Poten t ta l :  The use o f  low concentrat lons o f  n u t r l e n t  
s o l u t l o n  delayed t lpburn .  Tlpburn was delayed from 23 t o  27 days a f t e r  
seedlng and occurred f i r s t  on the 13 th  l e a f  w i t h  n u t r l e n t  concentrat lons 
havlng a conduc t t v l t y  o f  .305 dSm-’ (1 declsleman m- l  = 1 mmhos cm-’) 
compared t o  occur r lng  f i r s t  on the 10 th  l e a f  w l t h  a c o n d u c t l v l t y  o f  1.170 
dSm-’ (Table 10) .  The common s o l u t l o n  u t l l l z e d  f o r  n u t r l e n t  c u l t u r e  s tud les  
has a c o n d u c t l v l t y  o f  approxlmately 1.200 dSm-’ (Hammer e t  a l . ,  1978) and I s  
approxlmately one-half s t rength  o f  the o r l g l n a l  Hoaglands s o l u t l o n .  
There was a lso  an Increase l n  ca lc lum i n  bo th  the Inner  and ou ter  leaves. 
been a grea ter  ca lc lum t ranspor t  I n  p l a n t s  
en t  concentrat lon.  The Increase I n  the  Inner  
f l cance,  however, because o f  the wlde 
the f o u r  p lan ts .  Two p l a n t s  had near l y  the  
t n d l c a t l n g  t h a t  there may have 
malntalned w l t h  the lower n u t r  
leaves I s  o f  quest lonable s ign 
v a r l a b l l l t y  I n  l eve l s  found I n  
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same l e v e l s  o f  ca lc lum as found i n  the p l a n t s  malntalned a t  the h lgher  
n u t r l e n t  concentrat lons.  
O f  p a r t l c u l a r  s lgn l f l cance  l s  the f a c t  t h a t  the reduced s t rength  s o l u t l o n  
produced s l g n l f l c a n t l y  smal ler  p lan ts  (Table 10) and thus the t l p b u r n  delay 
may be the  r e s u l t  o f  slowed growth ra ther  than the increased ca lc lum t r a n s p o r t  
t o  the  Inner  leaves. 
have con t r l bu ted  t o  the  l a r g e  v a r l a b l l l t y  I n  ca lc lum l e v e l s  I n  the  Inner  
leaves f o r  there  could have been l e s s  enclosure o f  the Inner  leaves i n  these 
smal ler  p l a n t s  and thus Increased t r a n s p l r a t l o n  and grea ter  ca lc lum 
accumulation. 
The smal ler  s lze o f  the low n u t r l e n t  p l a n t s  may a l s o  
P lan t  Shaktng: The shaking o f  p lants  d i d  no t  prevent t l p b u r n  a l though there  
was an l n d l c a t l o n  t h a t  t l p b u r n  was delayed. 
t o  27.8 days a f t e r  seeding and the f l r s t  l e a f  t l p b u r n l n g  was the 12 th  r a t h e r  
than the 10 th  l e a f  (Table 11). I n t e r e s t i n g l y ,  there was a l s o  l n d l c a t l o n  t h a t  
the shaklng t reatment  increased the shoot d r y  weight.  
Shaklng delayed t l p b u r n  f rom 26.6 
Thus, al though the b e n e f i t  o f  shaklng was mlnlmal, a d d l t l o n a l  research 
should be undertaken t o  l nves t l ga te  t h l s  f u r t h e r .  Study should be made 
u t l l l z l n g  severa l  I n t e r v a l s  o f  shaking over each day and use of wind t o  Induce 
l e a f  f l u t t e r .  
Studles on Calclum Accumulatlon I n  Developlnq Leaves 
These s tud les  have documented t h a t  there  are  very low l e v e l s  o f  ca lc lum 
present  I n  developlng leaves and s l g n i f l c a n t l y  lower l e v e l s  toward the  margins 
o f  leaves than l n  mldvelns. These s tud les  a l s o  document t h a t  when developlng 
leaves are  enclosed, so t h a t  t r a n s p l r a t l o n  1 s  slowed, ca lc lum accumulat lon I s  
s l g n l f l c a n t l y  reduced I n  these enclosed leaves. 
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E f f e c t  o f  Leaf Enclosure: A t  harvest ,  t l p b u r n  I n j u r y  was present on a l l  
p l a n t s  Inc luded I n  t h e  enclosure t reatment,  bu t  was present  on o n l y  one o f  t h e  
unt reated c o n t r o l  p l a n t s  (Table 12) .  On the  average, 53.4% o f  t h e  enclosed 
tnner leaves t lpburned on covered p l a n t s  compared t o  l e s s  than 1% ( o n l y  one 
l e a f  on one p l a n t )  on uncovered c o n t r o l  p lan ts .  Enclosure o f  the  growlng 
p o t n t  thus s u b s t a n t l a l l y  enhanced t l p b u r n  development. 
The l n j u r y  seen on t h e  p l a n t s  was charac ter lzed  by t i s s u e  co l lapse a t  t h e  
apex and margln of t h e  a f f e c t e d  leaves, u s u a l l y  accompanled by v e i n a l  
necros is .  L a t l c l f e r  ruptures were occas lona l l y  seen as evldenced by 
exudate a t  the  larnlnal sur face.  These symptoms are  c h a r a c t e r l s t l c  o f  
t i p b u r n  ( C o l l t e r  and T l b b l t t s ,  1982). 
The amount o f  ca lc lum I n  the  Inner  leaves was s l g n l f l c a n t l y  a f f e  
a t e x  
1 e t  tuce  
t e d  by 
the  enclosure treatment (Table 1 3 ) .  The ca lc lum concent ra t ion  was o n l y  .63 
mg/g d r y  wetght l n  t h e  covered lnner  leaves, 57% lower than t h e  uncovered 
c o n t r o l s .  Th ls  suggests t h a t  these young developing leaves a r e  g r e a t l y  
dependent on t r a n s p l r a t l o n - d r l v e n  ca lc lum t ranspor t .  These r e s u l t s  a r e  
s l m l l a r  t o  those o f  e a r l l e r  workers us lng  cabbage, where the  a r t l f l c t a l l y  
covered inner  leaves had 90% l ess  rad io labe led  45Cat+ when compared t o  
exposed c o n t r o l s  f o l l o w i n g  a 4-hr uptake per lod  ( P a l z k l l l  and T l b b l t t s ,  1977; 
P a l z k l l l  e t  a l . ,  1976). F l e l d  s tud les  o f  heading but terhead l e t t u c e  have 
shown an abrupt  d l f f e r e n c e  i n  ca lc lum concentrat lon between covered Inner  
leaves and ou ter  wrapper leaves ( C o l l l e r  and Hunt ington, 1983) l n d l c a t l n g  t h a t  
the  n a t u r a l  headlng response suppresses calc ium t r a n s p o r t  t o  the  inner  
developing leaves. 
The ca lc lum l e v e l s  w l t h l n  t h e  ou ter  leaves were n o t  a f f e c t e d  by t h e  
enclosure treatment. 
enclosures d u r i n g  the  t reatment per lod,  and t r a n s p t r e d  f r e e l y .  The ca lc lum 
concent ra t lon  I n  these leaves was 9.9 mg/g, about an order  o f  magnltude h lgher  
These leaves were never covered by the  polyethy lene 
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than t h a t  o f  the  Inner  leaves. These h lgher  values r e f l e c t  l e a f  m a t u r l t y  and 
t h e  severa l  days of growth d u r l n g  whtch t r a n s p l r a t l o n - d r l v e n  t r a n s p o r t  o f  
ca lc lum occurred (Bangerth, 1979). 
The r e l a t l o n s h l p  between the number o f  Inner  leaves w l t h  t l p b u r n  and t h e  
ca lc lum concent ra t lon  I n  these leaves I s  i l l u s t r a t e d  i n  F igure  3. As t h e  
s e v e r l t y  of t t p b u r n  Increased, the  calclum concent ra t lon  decreased. T lpburn 
was f l r s t  ev ldent  on the  Inner  l e a f  t l s s u e  when the  concent ra t lon  o f  ca lc lum 
was below about 1 mg/g. 
lnduced t l p b u r n  by l n h l b l t l n g  calclum movement t o  the covered leaves and 
f u r t h e r  supports ca lc lum's Involvement I n  the  d lsorder .  The c r l t l c a l  
concentrat lons seen here are s l m l l a r  t o  those seen i n  s tud ies  o f  f l e l d  grown 
but terhead ( C o l l i e r  and Huntington, 1983). 
Inc luded both I n j u r e d  and un in ju red  leaves and used whole leaves ( I n c l u d i n g  
t h e  m l d r l b ) ,  the  a c t u a l  c r l t l c a l  concentrat lon f o r  I n j u r y  a t  the l e a f  margln 
may be much lower. The m l d r l b  o f  young developlng leaves o f  l e t t u c e  I s  about 
4 - f o l d  h lgher  i n  ca lc lum concentrat lon than the  l n j u r y  susceptable margln 
(Ashkar and Rles, 1971; and C o l l i e r  and Hunt ington, 1983). 
Th ls  data suggests t h a t  the  l e a f  enclosure t reatment  
Slnce these ca lc lum determlnat lons 
The magneslum concentrat lon o f  the lnner  l e a f  t l s s u e  was o n l y  s l l g h t l y  
a f f e c t e d  by the enclosure t reatment (Table 14) .  
o f  t h e  covered leaves was o n l y  about 3% lower than the  uncovered c o n t r o l s .  
Th ls  d l f fe rence r e f l e c t s  t h a t  o n l y  a small  p a r t  o f  t h e  t o t a l  magnesium belng 
t ranspor ted  t o  t h e  lnner  developlng leaves I s  due t o  t r a n s p l r a t l o n a l  mass 
f low.  As would be expected, the magnesium concent ra t lon  o f  the  outer  leaves 
was n o t  a f f e c t e d  by Inner  l e a f  enclosure. Hagneslum data I s  Inc luded because 
magnesium i s  a compet l t l ve  c a t i o n  w l th  ca lc lum and has been Imp l ica ted  l n  
t l p b u r n  development (Sonneveld and Mook, 1983). Because I t s  l e v e l  I n  t h e  
t l s s u e  I s  n o t  p h y s l o l o g l c a l l y  abnormal, t h l s  da ta  would suggest t h a t  I t  I s  n o t  
Invo lved I n  t l p b u r n  development. 
The magnesium concent ra t lon  
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The shoot f resh wetght a t  harves t  averaged between 12.5 t o  13 grams 
No s l g n l f l c a n t  d t f f e rences  (Table 15 ) .  
between t rea ted  and unt reated p l a n t s  were apparent, l n d l c a t l n g  t h a t  t he  
enclosure treatment d l d  no t  a f f e c t  o v e r a l l  p l a n t  growth o r  v lgo r .  
The shoot d ry  welght was 0.85 grams. 
I t  i s  u n l l k e l y  t h a t  the p l a s t l c  sheaths brought on the t n j u r y  by t rapp lng  
heat o r  prevent lng exchange o f  oxygen, carbon d l o x l d e  o r  e thy lene.  
sheaths were made from r e f l e c t l v e  p l a s t l c  t o  l l m l t  any poss ib le  heat bu l ldup,  
and temperatures w l t h l n  them were never more than l 0 C  above amblent du r tng  the  
experlments. 
and Grogan, 1978a) d l d  no t  occur. 
o r  d e p l e t i o n  o f  oxygen under the sheaths would l l k e l y  no t  have been 
responslb le  f o r  l n t t l a t l n g  the t n j u r y  f o r  abberent l e v e l s  o f  these gases 
w l t h l n  mature heads have been found t o  be nega t i ve l y  c o r r e l a t e d  w l th  t l p b u r n  
(Mlsagl  and Grogan, 1978b). 
The 
Elevated temperatures whlch mlght have promoted t l p b u r n  (Mlsagl  
Any bu l ldup o f  carbon d lox lde  o r  e thy lene 
Thls  research documents t h a t  enclosure o f  leaves a t  the growlng p o l n t ,  as 
would occur w t t h  normal head development, t s  s u f f l c l e n t  t o  c rea te  a l l m l t l n g  
cond l t t on  o f  calclum l n  the t l s s u e  capable o f  l n l t t a t l n g  t l p b u r n  i n j u r y .  The 
e f f e c t s  of l e a f  enclosure may be more c r l t l c a l  I n  greenhouses and growth rooms 
where growth rates and demand f o r  ca lc lum appear t o  be magnlf ted ( C o l l l e r  and 
T l b b l t t s ,  1982). Under cond l t lons  o f  r a p l d  growth, l e a f  enclosure may be a 
pr lmary c o n t r o l l i n g  f a c t o r  I n  t l p b u r n  t n l t i a t l o n  and development. 
D iu rna l  F luc tua t ions :  The mon l to r lng  o f  ca lc lum over the  day a t  f o u r  
d i f f e r e n t  t lmes lnd lca ted  a reduc t ion  o f  ca lc lum concentrat tons du r lng  the day 
and an Increase a t  n l g h t .  A low l e v e l  o f  0.047% Ca was seen I n  the Inner  
t t p b u r n  sens l t t ve  leaves near the end o f  the l t g h t  pe r iod  and a h lgh  of 0.059% 
Ca a t  the  s t a r t  o f  the l l g h t  per tod (Table 16) .  There was a s l m l l a r  p a t t e r n  
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o f  decrease and Increase l n  the  outer en la rg lng  leaves bu t  concentrat lons were 
approxlmately 1 5  tlmes grea ter .  
The magneslum concentrat ton o f  tnner leaves va r jed  l t t t l e  over the  
d l u r n a l  per lod;  however, the concentrat lon l n  ou ter  leaves decreased du r lng  
the  l l g h t  and Increased du r lng  the  dark. 
Thls  data documents t h a t  there  I s  a measurable d l l u t t o n  o f  ca lc lum i n  the  
Inner  leaves d u r l n g  the  l l g h t  per lod;  l n d l c a t l n g  t h a t  p l a n t s  would be most 
suscept lb le  t o  ca lc tum-re la ted I n j u r i e s  toward the end o f  the l l g h t  per lod .  
I t  can be assumed t h a t  du r lng  the l l g h t ,  there  would be very l l t t l e  t r a n s p o r t  
o f  ca lc ium t o  the non- t ransp l r lng  leaves because xylem water t ranspor t  would 
be low. I n  con t ras t ,  t ranspor t  o f  carbohydrates and o ther  n u t r l e n t s  would be 
malntalned through phloem t ranspor t  l n t o  these young leaves. Dur lng the  
n l g h t ,  as the t l s s u e  regained tu rgor  and developed r o o t  pressure f low,  water 
would move through xylem t o  these leaves and t ranspor t  c e r t a l n  amounts o f  
ca lc lum t o  lncrease the ca lc lum leve ls .  
L o c a l l z a t l o n  I n  Leaves: The studles w l t h  the  x-ray probe have shown t h a t  
there  are  l a r g e  grad len ts  l n  calclum f rom the m l d r l b  t o  the margln o f  young 
developing l e t t u c e  leaves. This was shown t n  2 cm long leaves, w l t h  both the  
t l p  and s lde  margin having on ly  one-tenth the  ca lc lum found I n  the  m l d r l b  near 
the  base (Table 1 7 ) .  Th ls  small l e a f  was p a r t i a l l y  enclosed by o lde r  leaves 
around the growlng p o t n t  and thus would have had a reduced r a t e  o f  
t r a n s p l r a t t o n .  I n  cont ras t ,  the la rger  exposed l e a f  had no s l g n l f l c a n t  
ca lc lum grad ten t  f rom the center toward the  t i p  and marglns. The 8 cm long  
l e a f  had near l y  equal ca lc lum concentrat ions I n  a l l  areas o f  the  l e a f  (Table 
17). 
A more d e t a l l e d  eva lua t lon  o f  the g rad len t  f r o m  the m l d r l b  t o  t he  l e a f  
margln documented a s l m l l a r  gradlent  f rom the m l d r l b  t o  the margln (Table 
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18).  However, t h e  h lghes t  concentrat ton was found mtdway between the m l d r t b  
and margln apparent ly as a r e s u l t  o f  a major ve ln  a t  t h l s  l o c a t l o n .  I n  
con t ras t ,  magneslum and potasslum concentrat lons d l d  n o t  decrease from the  
mtd r lb  t o  the margln and potasslum was seen t o  lncrease s l g n l f l c a n t l y  toward 
the  margln. 
This x-ray probe data 
t l p  and marg lna l  areas o f  
1 e t  t uc e. 
documents the very low concentrat lons found I n  the  
eaves t h a t  a re  the l o c a t l o n s  o f  t l p b u r n  I n j u r y  i n  
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Table 1. The e f f e c t s  of r e l a t i v e  humidity during t h e  l i g h t  period and 
root temperature on t h e  number of p l an t s  with t ipburn  and t h e  
time taken from sowing t o  t ipburn development. 
~ ~~~~ . _ _ _ _ _ ~ ~ ~  ~ 
Time taken from sowing 
t o  t ipburn  (days)x No.  p l a n t s  with tipburn Y 
Root temp Root temp L igh t  period RHz 
(a 15°C 23.5" 15O 23.5" 
51 
62 
7 4  
0 3 
2 3 
4 4 
I 2 8 . 0  
28 .0  27 .3  
25.5 23.8  
z Dark period RH >95%. 
'Four p l a n t s  i n  each t r ea tnen t .  
%ean days derived f ron  only those p l a n t s  t h a t  developed t ipburn .  
Table 2. The e f f e c t s  of r e l a t i v e  humidity during t h e  dark  period and 
roo t  temperature on t h e  number of p l an t s  with t ipburn  and t h e  
time taken from sowing to t ipburn development. 
Time taken from sowing 
t o  t ipburn  (days)x No.  p l a n t s  with tipburn Y 
Root temp Root teiip Dark period RHz 
(XI 15°C 23 .5"  15" 23.5" 
65 4 4 26 .3  23.5 
7 2  4 4 26.3 24.3 
90 4 4 24 .8  23.0 
2 8 . 0  27.3 95 2 3 
z Light  period RH = 62%. 
'Four p l an t s  i n  each treatment. 
%ean derived from only those plants t h a t  developed t ipburn .  
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Tab1 .e 3. The e f f e c t s  of r e l a t i v e  humidity during t h e  l i g h t  per iod 
cium concentrations i n  t h e  inner leaves and t h e  remaining l e a v e s  and 
sterns. 
on p l an t  dry  weight, length and width of  l e a f  12 and the cal-  
Calcium concn (ng Ca ~ - ~ D w ) Y  
-~~~ - 
Length and width 
Dry w t y  of l ea f  1 2 Y  Remaining leaves z Light  period RH 
(XI ( g) ( c m )  Inner l e a v e s  and s t e m  
51 2.84 12.64 9.88 1.30 10.41 
62 3.66 14.32 10.06 1.13 9.99 
74 4.61 15.38 10.31 0.94 8.88 
Dark period FG4 >95%. 
"biean of 3 p l a n t s  per t r e a m s n r .  
Table 4. The e f f e c t s  of r e l a t i v e  humidity during t h e  dark period 
cium concentrations i n  t h e  inner leaves and t h e  remaining l e a v e s  and 
stems. 
on p l a n t  dry weight, l ength  and width of l e a f  12 and the cal- 
Length and width 
Dark period RHz Dry w t  of leaf 12Y Remainhg leaves Y 
( 2 )  (d ( c d  Inner  leaves and s t e m  
65 
72 
90 
>95 
3.00 12.21 9.11 0.86 
2.84 12 -25 9.23 0.82 
2.85 12.40 9.16 0.87 
3.66 14.32 10.06 1.12 
10.10 
10 - 68 
10.28 
9.99 
se 0.12 0.56 0.30 0.05 0.18 
Z Light period RH = 62%. 
'Mean of 8 p l a n t s  per  treatment.  
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Table 5 .  The e f f e c t  of root temperature f o r  
on p l a n t  dry  weight,  l eng th  and width of l ea f  12 and t h e  calcium con- 
c e n t r a t i o n s  i n  t h e  i n n e r  leaves  and t h e  remaining l e a v e s  and s t e m s .  
l i p h t  per iod humidi ty  t r ea tmen t s  
Calcium concn (mg C a  g-ldm)Y 
Length and width 
Root temp Dry w t  Y of l e a f  12Y Rema i n  ing  1 eaves 
("0 (g) ( cm)  Inner  l eaves  and stem 
15 3.23 13.18 9.33 1.09 
23.5 4.17** 15.05** 10.83** 1.15 
9.48 
10.03** 
'Mean of 12 p l a n t s  p e r  t r e a t a e n t .  
**Signi f icant ly  d i f f e r e n t  f r o n  15OC t rzatment  a t  1% l e v e l .  
Table 6. The e f f e c t  of r o o t  temperature f o r  dark per iod humidity t rea tments  
on p l a n t  d ry  weight,  length and width of l e a f  1 2  and t h e  calcium con- 
c e n t r a t i o n s  i n  t h e  inne r  leaves and t h e  remaining l e a v e s  and s t e m .  
Calcium concn (mg C a  g-ldrn)' 
Length and width 
Root temp Dry w t  Y of leaf 12)' Remaining leaves 
Inner  l eaves  and s tern ("C> (g) ( c d  
15 2.67 11.84 8.96 0.87 9.97 
23.5 3.50** 13.75** 9.82X.k 0.97* 10.56** 
'Mean of 16 p l a n t s  pe r  t reatment .  
* ,**Signif icant ly  d i f f e r e n t  from 15OC t reatment  a t  5% and 1% l e v e l ,  r e s p e c t i v e l y .  
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Table 7. Effect of  environmental modulations on water content  
of shoots  of l e t t u c e .  
z Time Of Day 
2 hrs a f t e r  
l i g h t s  on 
8 hrs a f t e r  
l i g h t s  on 
14 hrs a f t e r  
l i g h t s  on 
4 hrs a f t e r  
l i g h t s  off 
Water Content ( % )  
Modulating Constant 
Environment Environment 
93.33 - + 0.10 93.29 - + 0.13 
93.21 - + 0.12 92.94 - + 0.18 
92.73 - + 0.26 92.58 - + 0.20 
93.42 - + 0.14 93.19 - + 0.10 
16 h r  l i g h t  period and 8 hr dark period. 
Table 8. Effect o f  environmental modulations on t i p b u r n  i n j u r y  and 
calcium cancent ra t ions  in  1 ettuce 1 eaves.  
Calcium 
Concentration Shoot 
T i  pburn (% dry w t \  Dry Weight 
First Days 
(9 1 Environmental Leaf Wigh From Inner  Outer Control Tipburn P 1 a n t  i ngy Leaves Leaves 
Modu 1 a t  i ng 11.0 24.5 0.05+0.01 - 0.87+0.07 - 1.00+0.11 - 
Constant 12.3 25.1 0.06+0.01 - 1.04+0.09 - 0 94+0,12 - 
Leaves numbered from cotyledons 
For 50% of p lan ts  injured 
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Table 9 .  Effect  of  1ight:dark cycle l e n g t h  on t ipburn and calcium concentra- 
t i ons  i n  l e t t u c e  leaves.  
Ca 1 c i  urn 
Concentration Shoot 
T i p b u r n  (% dry wt) Dry Weight 
Light:Dark First Days 
(9)  
Cycle Leaf b l i t h  From Inner Outer 
( h r s )  In jury  P1 antinq Leaves Leaves 
16:8 10.5+1.2 - 23.9+1.3 - 0.08+0.01 - 1.36+.06 - 2.40t. - 29 
8:4 9.520.7 23.0+1.4 - 0.07+0.01 - 1.34+.17 - 2.39+. - 09 
Leaves numbered from cotyledons . 
Table 10. Effect of nutrient solution concentration on t ipburn  and calcium 
concentration i n  l e t t u c e  leaves. 
Nutrient Cal ci urn 
Solution Concentration Shoot 
Conductivity T i  pburn ( %  Dry W t )  Dry We i g h t 
First 
(dSm-’ )‘ 
Leaf Days 
With  ., From Inner Outer 
Tipburnr  Planting Leaves Leaves 
1.85+0.11 
2,39+0.29 
305 1 2.8+1.5 - 2 6.8+1.0 - . 1 01 - + ,027 1 .91 - +O .2 2 - 
1.170 10.0+2.0 - 22.8t1.5 - .071+.003 - 1.30+0.05 - - 
decisiemans m-l  = mhos  cm-l 
Numbered from cotyledons 
.................... 
Table 11. Effect  of plant  s h a k i n g  on t i p b u r n  development and shoot 
dry weight. 
T i  pburn  Development 
Shaking Days From First Leafz Shoot 
Treatment P1 ant ing W i t h  Injury Dry Weight 
Yes 27.833.8 1 2 250.8 4.56t0.26 
None 26.69.4 10.02.1 .o 4.1 l?G. 69 
Numbered from cotyledons 
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Table 12 .  The effects  of leaf enclosure on the incidence of 
t i p b u r n  on the 1-3 cm inner leaves. 
Inner 1 eaf treatment 
Enclosed Control Si g n  i f i cance 
Percent of plants 
t i  pburned --- 100 3 
Percent of inner leaves 
t i  pburned 53.4 0.8 *** 
***,,-- Significant a t  0.1% (***) or not applicable (---).  
Table 13. Effects of enclosure of the inner leaves 
on the calcium concentration of the 
inner and outer leaves. 
Cal c i  um 
Leaf sample 
Inner 
Outer 
concentration (mg/g dry w t )  
Inner 1 eaf treatment 
Enclosed Control Significance 
*** 0.63 1.48 
9.87 9.90 NS 
NS,*** Not significant a t  5% (NS) or s ignif icant  
a t  0.1% (***) level. 
Table 14. The effects  of enclosure of the inner 
leaves on the maqnesium concentration 
of the inner and  outer leaves. 
Magnesium concentration (mg/g dry w t )  
Inner leaf treatment 
Leaf sampl e Enclosed Control Significance 
*** Inner 2.25 2.34 
Outer 3.59 3.64 NS 
NS,*** Not Significant a t  5% (NS) or s ignif icant  
a t  0.1% (***) level. 
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Table 15. E f f e c t s  o f  i n n e r  l e a f  enc losure on shoot 
f r e s h  and d r y  weight.  
Shoot weight  (g )  
I n n e r  1 eaf t rea tment  
Enclosed Cont ro l  S i g n i f i c a n c e  Type 
Fresh 12.51 12.93 NS 
Dry 0.853 0.854 NS 
-~ ~~~~ 
NS Not s i g n i f i c a n t  a t  5% l e v e l .  
Table 16. D iu rna l  f l u c t u a t i o n s  i n  ca l c ium and magnesium 
concen t ra t i on  i n  1 e t t u c e  1 eaves. 
N u t r i e n t  Concentrat ion (% Dry W t )  
Calcium Magnesium 
Inne r  Outer I n n e r  Outer 
Leaves Leaves Leaves Leaves z Time o f  Day 
2 h rs  a f t e r  
l i g h t s  on 0.059 0.90 0.22 0.35 
8 h rs  a f t e r  
l i g h t s  on 0.050 0.86 0.21 0.33 
14 h r s  a f t e r  
l i g h t s  on 0.047 0.84 0.21 0.31 
4 h rs  a f t e r  
l i g h t s  o f f  0.051 0.88 0.22 0.32 
16 h r  l i g h t  p e r i o d  and 8 h r  dark p e r i o d  z 
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Table 17.  Rela t ive  calcium c m c e n t r a t i o n s  a t  
s epa ra t e  p o s i t i o n s  on d i f f e r e n t  
si ze 1 et tuce 1 eaves.  
Leaf L e n q t h  
Mea su r erne n t (cm) 
Posi t ion 2 8 
T i p  6.5 385 
Side a t  
Harg i n 9.8 289 
Base i n  
Midrib 90.3 342 
Counts  per second in  150 urn2 a r ea  with 
20 kv beam energy. 
Table 18. Calcium, magnesium and potassium 
concent ra t ions  across  l e a f  blade 
of l e t t u c e  l ea f . z  
Distance 
From 
Flidri b 
(mm 1 
0 (mid r ib )  
1 
2 
3 
4 
5 
6 (margin) 
Nut r ien t  Concentration 
( %  d r y  w t )  
Ca 1 cium Ma y e s  i u m  Potassium 
0.075 0.18 4.35 
0.065 0.21 4.27 
0.060 0.24 6.19 
0.110 0.45 6.60 
0.060 0.40 4.60 
0.045 0.19 6.53 
0.035 0.24 7.96 
l e a f  2 cm i n  lenqth and 2.4 cm i n  w i d t h  a t  
widest p o i n t .  
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Figure 1. 
night environmental modulations. 
Diurnal changes in environmental conditions that provided day - 
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Figure 2. 
sheath placed over the growing point to restrict transpiration. 
'Buttercrunch' lettuce with an aluminized polyethylene 
1.6 
NUMBER OF INNER LEAVES H I T H  T I P B U R N  
Figure 3. 
o f  the 1-3 cm inner leaves and number o f  leaves tipburned. 
The number o f  plants i n  each sample isgiven i n  parentheses. 
The bars indicate the standard deviation o f  calcium levels.  
No standard deviation can be determined for n=l. 
Relationship between the calcium concentration 
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